Experiment 1 was carried out with 220 one-day-old broiler chicks to evaluate the effect of 11 different levels of vitamin E supplementation (viz. 0 to 200 mg α-tocopheryl acetate/kg diet) on the production performance of broilers and oxidative stability of frozen broiler carcasses. The diets with vitamin E levels of 0 to 100 mg were fed from day-old to 42 days of age, and the diets with vitamin E levels of 120 to 200 mg were fed from 21 to 42 days of age. The oxidative stability, evaluated by thiobarbituric acid reactive substances (TBARS), was determined after 30, 90, 120 and 150 days of storage at -20 °C. There were no differences in weight gain (2.29 ± 0.397 kg) or feed conversion ratios (1.85 ± 0.111 kg feed/kg gain) between dietary treatments. TBARS values increased with increasing time of storage (basal diet: day 30 = 1.71 ± 0.51; day 150 = 4.89 ± 0.51), but decreased with increasing vitamin E levels (day 150: basal = 4.89 ± 0.51; 100 mg/kg = 1.09 ± 0.27). Experiment 2 was carried out with day-old broiler chicks to evaluate the effect of five levels of vitamin E supplementation (viz. 0 to 160 mg α-tocopheryl acetate/kg diet) on performance parameters and the oxidative stability of refrigerated carcasses. The experimental diets were fed from dayold to 42 days of age. Oxidative stability, evaluated by TBARS, colour deterioration and microbiological stability was determined after 0, 4, 8, 10 and 12 days of storage at 4 °C. Fatty acid analysis was done on samples obtained on days 0 and 12. There were no differences in total weight gain (2.37 ± 0.467 kg) or feed conversion ratio (1.88 ± 0.117 kg feed/kg gain) between dietary treatments. TBARS values increased with increasing storage time, but decreased with increasing vitamin E levels. There were no differences between treatments for colour measurements for L* (44.97 ± 0.662), a* (5.23 ± 0.315) or b* (12.76 ± 0.321) values. Microbiological counts increased over time, but dietary vitamin E concentration had no effect. There were no differences between dietary treatments for any of the groups of fatty acids measured (SFA: Day 0 = 26.1 ± 1.13 %, Day 12 = 26.1 ± 1.17 %; MUFA: Day 0 = 41.4 ± 1.46 %, Day 12 = 40.2 ± 2.28 %; PUFA: Day 0 = 32.4 ± 1.95 %, Day 12 = 33.8 ± 2.52 %). Similarly, fatty acid proportions did not change over time. There were no differences between dietary groups for mean muscle pH (6.01 ± 0.206).
Introduction
Lipid oxidation is a major cause of meat quality deterioration, as products of autoxidation of unsaturated fatty acids affect wholesomeness and nutritional value (Pearson et al., 1983) . Lipid oxidation is an important determinant of shelf life of meats and meat products. Post-slaughter biochemical changes involved in the conversion of muscle to meat are accompanied by a loss of cellular antioxidant defences and an increased propensity of meat lipids to undergo oxidation (Morrisey et al., 1994) . This contributes to undesirable changes in a number of quality parameters, including loss of water-holding capacity, texture and flavour.
The lipids in poultry exhibit a higher degree of unsaturation than red meats due to a relatively high content of phospholipids (Igene & Pearson, 1979) . The degree of unsaturation of the phospholipids of the subcellular membrane is an important factor in determining the oxidative stability of meats, with the oxidative potential increasing as the degree of unsaturation of the lipids in the meat increases. The phospholipids are located in membrane structures, and the initiation of lipid peroxidation in tissues has been tracked to the membrane level (Machlin, 1984) . The production of meat, particularly chicken, with a more highly unsaturated profile has been the focus of some attention, as such meats are perceived as having a 'healthier' image. Accordingly, poultry meat and meat products are rather susceptible to oxidative deterioration, and oxidation often determines the shelf life of poultry meat products.
Membrane lipids are protected against oxidative attack by a number of natural occurring antioxidants, including the chain-breaking antioxidants ascorbic acid and α-tocopherol. α-Tocopherol (vitamin E) is
Materials and Methods
At the start of experiment 1, 220 one-day-old Ross broilers were reared to 42 days of age in an environmentally controlled rearing house. A 24-hour light period was followed. The initial environmental temperature at day-old was 33°C, which was gradually decreased to 21°C at 21 days of age according to the Ross manual. A standard commercial health and inoculation program was followed. Five birds per cage were allocated to 44 cages. All the birds in each cage were allocated to one of eleven dietary treatments. In experiment 2, 100 one-day-old broilers were used. All rearing procedures were the same as for experiment 1. Five birds per cage were allocated to 20 cages. All the birds in each cage were allocated to one of five dietary treatments. A randomised block design was used in both experiments.
The nutrient composition of the experimental diets is given in Table 1 . In experiment 1, ten levels of vitamin E (supplied by Hoffmann La-Roche, Basel, Switzerland) were supplemented to the basal diet (Table  2) , resulting in 11 treatments: 1) basal diet (control); 2) basal + 20 mg Vitamin E/kg feed; 3) basal + 40 mg Vitamin E /kg feed; 4) basal + 60 mg Vitamin E /kg feed; 5) basal + 80 mg Vitamin E /kg feed; 6) basal + 100 mg Vitamin E /kg feed; 7) basal + 120 mg Vitamin E /kg feed; 8) basal + 140 mg Vitamin E /kg feed; 9) basal + 160 mg Vitamin E /kg feed; 10) basal + 180 mg Vitamin E /kg feed; 11) basal + 200 mg Vitamin E /kg feed. Treatments 2 to 6 were fed from day-old to 42 days of age (throughout the trial), while treatments 7 to 11 were fed from 21 to 42 days of age (last three weeks of the trial). In experiment 2, four levels of vitamin E were supplemented to the basal diet (Table 2) , resulting in five treatments: 1) basal diet (control); 2) basal + 40 mg Vitamin E /kg feed; 3) basal + 80 mg Vitamin E /kg feed; 4) basal + 120 mg Vitamin E /kg feed; 5) basal + 160 mg Vitamin E /kg feed. All treatments were fed from day-old to 42 days of age. Bird weights per cage and feed consumption per cage were recorded weekly. Weight gain (WG) and feed conversion ratios (FCR) were calculated. 8.0 1 Vitamin/Mineral mix: Vitamin A (10 000 000 IU), Vitamin D (2 000 000 IU), Vitamin E (20 000 IU), Vitamin K (2 g), Vitamin B1 (2 g), Vitamin B2 (5 g), Vitamin B6 (3 g), Vitamin B12 (0.01 g), Niacin (20 g), Calpan DL (10 g), Folic acid (0.5 g), Biotin (0.02 g), Antioxidant (125 g), Choline (300 g), Cobalt (0.5 g), Copper (6 g), Iron (20 g), Manganese (70 g), Iodine (1 g), Selenium (0.15 g), Zinc (50 g).
Five birds from each cage were slaughtered at 42 days of age. The weight of the plucked birds was recorded and the abdominal fat pads removed. The five carcasses from each cage were stored in separate oxygen permeable plastic bags at -20 °C (experiment 1) or 4 °C (experiment 2) until required for chemical analysis. In experiment 1 (frozen storage) one carcass from each cage was taken from storage on days 30, 90, 120 and 150, minced and oxidative stability measured by means of TBARS values (Uchiyama & Mihara, 1978) . In experiment 2 (refrigerated storage) pH measurements were taken 45 min, 2, 4 and 24 h postmortem. One carcass from each cage was taken from storage on days 0, 4, 8, 10 and 12, measured for colour degradation, minced and analysed for microbial spoilage and oxidative stability by means of TBARS values. Fresh meat colour of the muscle was evaluated using a Colorgard System 2000 colorimeter (Pacific Scientific, Silver Spring, MD, USA) to determine L*, a* and b* values (Commission International de l' Eclairage, 1976) , with L* indicating brightness, a* the red-green range and b* the blue-yellow range. Fatty acid analysis was done on the samples obtained on days 0 and 12. Fatty acid methyl esters (FAME) were prepared according to the method of Morrison & Smith (1964) . The FAME were analysed by means of GLC on a Varian Model 3300, equipped with flame ionisation detection and two 30 m fused silica megabore DB-225 columns of 0.53 mm internal diameter (J&W Scientific, Folsom, CA). Gas flow rates were: hydrogen, 25 ml/min; air, 250 ml/min; and nitrogen (carrier gas), 5-8 ml/min. Temperature programming was linear at 4°C/min; initial temperature, 160 °C; final temperature, 220 °C held for 10 min; injector temperature, 240°C
; and detector temperature, 250 °C. The FAME were identified by comparison of the retention times to those of a standard FAME mixture (Nu-Chek-Prep Inc., Elysian, Minnesota). Microbial stability was measured on the samples of days 0, 4, 8 and 10 by means of aerobic plate counts (APC). Total aerobic microbial counts were conducted by using Plate Count Agar (Merck). Ten grams of meat were homogenised in 100 ml of sterile distilled water, serially diluted and plated onto the surface of the plates. All plates were incubated at 37 °C for 48 to 72 h. In a separate experiment, 100 g fresh meat samples with vitamin E levels of 0, 80 and 160 mg vitamin E/kg feed were inoculated with active growing cells of Listeria innocua, Staphylococcus aureus and Salmonella enteritidis (10 6 CFU/g). The growth of these bacteria was monitored by plating onto Trypticase Soy Agar (Merck), Baird-Parker Agar (Merck) and Salmonella-Shigella Agar (Merck), respectively. All plates were incubated at 37 °C for 48 to 72 h.
The GENSTAT statistical package (GENSTAT 5 Release 3.2, 1997) was used to fit regression models to the data with storage time as predictor. Analysis of variance was performed on all variables measured. The following model was fitted for main effects (diet, storage time) and the interaction between them:
Y ij = µ + D i + T j + DT ij + e ij where Y ij is the dependant variable, µ = the overall mean, D i = the i th diet effect, T j = the j th time effect, DT ij = the interaction between diet and time and e ij = the residual error. The differences between diets and storage The South African Journal of Animal Science is available online at http://www.sasas.co.za/Sajas.html 161 times were tested separately by means of the null hypothesis (H 0 ), with H 0 : µ = µ 0 and the alternate hypothesis (H a ) being H a : µ ≠ µ 0 . Mean and standard errors were calculated for each diet and time and the main effects were compared by use of least significant differences. Differences between the variables were accepted as being significant if the probability of rejection of H 0 was less than 5% (P < 0.05) for diets and time.
Results
The weight gain (WG) and feed conversion ratio (FCR) of chicks fed the different experimental diets for experiments 1 and 2 are shown in Table 3 . There were no differences (P > 0.05) in BWG or FCR between the dietary treatments for either of the experiments. The TBARS values for experiment 1 and 2 are given in Table 4 . TBARS values increased (P < 0.05) for both experiments with increasing time of storage (Figures 1 and 2 ). Regression equations were fitted to the data and both experiments showed significant linear equations for oxidation over time (Table 5) . In experiment 1 (frozen storage), the TBARS values of the basal diet were higher (P < 0.05) than any of the other diets supplemented with vitamin E. The two diets containing the highest concentrations of vitamin E (diet 6 -100 mg vitamin E/kg feed continuously and diet 11 -200 mg vitamin E/kg feed, last 3 weeks) had the lowest TBARS values, which did not differ from each other on day 30. After 90 days storage the only diet for which the TBARS value that did not increase (P < 0.05) was that of diet 6. After 150 days storage the TBARS value of this diet increased (P < 0.05) compared to that at 30 days storage, but did not differ from that at 90 days (Table 4 ). According to the linear regression equation fitted to the data (Table 5) (Table 4) for both experiments when compared at the same storage period.
In experiment 2 both the basal diet and diet 2 (40 mg vitamin E/kg feed) had higher (P < 0.05) TBARS values than the other three diets. Diet 5 (160 mg vitamin E/kg feed) had the lowest TBARS value on day 0 as well as for the rest of the experimental period. The TBARS value of diet 5 on day 4 did not differ from that obtained on day 0. On day 8, diet 5 had a TBARS value (0.97 ± 0.32) similar to that of the basal diet on day 0 (0.98 ± 0.12). Diets 3 and 4 had 4-day TBARS values similar and lower (respectively) than that of the basal diet on day 0 (Table 4) . Diet 5 also had the slowest rate of increase (Table 5) of TBARS values. As expected, the refrigerated (experiment 2) broiler carcasses had a much higher rate of increase of TBARS values compared to that of the frozen (experiment 1) carcasses (Table 5) . The CIELAB (Commission International de l' Eclairage, 1976) colour measurements for experiment 2 are given in Table 6 . There were no differences (P > 0.05) in colour measurements for colours L*, a* or b* between dietary treatments. Different regression equations were fitted for each colour over time and all three colours showed significant (P < 0.05) cubic regressions over time. However, only 10% of the variation in colour was explained by this regression and it was concluded that the cubic tendency was not biologically significant.
The aerobic plate counts (APC) of experiment 2 are listed in Table 7 . The number of cells increased (P < 0.05) over time, regardless of the level of vitamin E supplementation ( Figure 3 ; Table 8 ). Although some of the APC differed significantly with vitamin E inclusion levels at specific storage periods, no trends were observed that could be attributed to dietary factors. The samples from day 0 for experiment 2 were also spiked with the following bacteria: Staphylococcus aureus, Salmonella enteritidis and Listeria innocua. Although the effect of time was not analysed statistically, an increase in bacterial counts was noted over time (Table 9 ). Bacterial counts did not differ between dietary treatments for the different periods. Fatty acid analysis was done on the muscle samples from broilers in experiment 2 for days 0 and 12. The aim was to monitor changes in the fatty acid profile (a potential decrease in unsaturated fatty acids and increase in saturated fatty acids) over time. There were no differences (P > 0.05) between treatments for the fatty acid categories measured. Both saturated fatty acids (SFA) and polyunsaturated fatty acids (PUFA) in samples from treatment four on day 0 differed (P < 0.05) compared to that of treatments 3 and 5. None of the individual fatty acids changed (P > 0.05) over time (Appendix 1). Table 10 gives the effect of refrigerated (4°C ) storage on the fatty acid profile of the main fatty acid groups: saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). In experiment 2, pH measurements were taken at 45 min, 2, 4 and 24 hrs post-mortem. There were no differences (P > 0.05) in pH between dietary treatments (Table 11) . Different regression equations were fitted and the data showed statistically significant (P < 0.05) cubic regressions over time. However, only 44% of the variation was explained by this regression. In general, all dietary treatments had a higher final pH24 than that at 45 min post-mortem. Table 3 suggests that there was no difference (P > 0.05) in weight gain or feed conversion ratio between levels of dietary vitamin E supplementation. This observation differs from those of other authors. Kennedy et al. (1991) reported the results of an extensive study on the effects of increased vitamin E supplementation on profitable commercial broiler production. A total of 168 broiler flocks containing over 3 million birds were studied. The flocks were fed either normal diets or normal diets supplemented with vitamin E to contain a total concentration of 180 IU/kg feed throughout their lives. In the broiler flocks receiving the supplemented diets, the feed conversion ratio was improved by 0.8 % and the average weight per bird was increased by 1.4 % compared with those receiving the normal diets. Even after the cost of the additional vitamin E was taken into consideration, the net income per 100 birds was still 2.82% higher. An explanation for the weight gain and feed conversion results in Table 3 may be that there was no increase in protein or energy utilisation between dietary vitamin E treatments. All dietary treatments were balanced in terms of energy-to-protein ratio. McIlroy et al. (1993) suggested that high dietary vitamin E concentrations may be most beneficial where there is a challenge to the defence system of the host, and that significantly improved performance would occur more predictably under such conditions. This investigation was performed in an experimental facility where strict hygienic principles are applied (total mortality was 4.2 % and 4.04 % for experiment 1 and 2 respectively), and it is doubtful that the birds were challenged immunologically.
Discussion
It is generally believed that lipid oxidation in muscle foods is initiated in the highly unsaturated phospholipid fraction in subcellular membranes (Gray & Pearson, 1987) . The autocatalytic peroxidation process probably begins immediately after slaughter. The biochemical changes that accompany postslaughter metabolism and post-mortem ageing in the conversion of muscle to meat give rise to conditions where the process of lipid oxidation is no longer tightly controlled and the balance of pro-oxidative factors/antioxidative capacity favours oxidation. The conversion of muscle to meat is a direct result of the cessation of blood flow and the triggering or arresting of many metabolic processes. Orderly metabolic activity continues during the early post-slaughter period, but because of the cessation of blood flow the product of glycogen breakdown is lactic acid. Lactic acid accumulates in the tissue and gradually lowers the pH from near neutrality to a more or less mild acid (approximately pH 5.5) value. In the post-slaughter phase, it is highly unlikely that the armoury of antioxidant defensive systems available to the cell in the live animal still function because of quantitative changes in several metabolites and physical properties. In many instances, the defensive system may be weakened by nutritional deficiency and the peroxidation process may be greatly accelerated. The rate and extent of oxidation of muscle foods is also likely to be influenced by preslaughter events such as stress, and post-slaughter events such as pH, carcass temperature and cold shortening. In addition, any disruption of the integrity of muscle membranes by mechanical deboning, mincing, restructuring or cooking alters cellular compartmentalisation. This facilitates the interaction of prooxidants with unsaturated fatty acids, resulting in the generation of free radicals and propagation of the oxidative reaction (Asghar et al., 1988) .
The susceptibility of muscle tissue to lipid oxidation depends on a number of factors, the most important being the level of polyunsaturated fatty acids present in the particular muscle system (Allen & Foegeding, 1981) . The phospholipids present in subcellular membranes (mitochondria and microsomes) are high in polyunsaturated fatty acids (Gray & Pearson, 1987) and the vulnerability of membranes to peroxidation is increased because of the close proximity of a range of pro-oxidants.
There is now considerable interest in the antioxidant properties of naturally occurring substances such as vitamin E (Loliger, 1991) . Vitamin E, which is usually incorporated in the diet as α-tocopheryl acetate, constitutes the second line of antioxidant defence in biological systems, and is the major lipid-soluble antioxidant, breaking the chain of lipid peroxidation in cell membranes and preventing the formation of lipid hydroperoxides (Halliwell, 1987) . Figures 1 and 2 show that TBARS values increased with an increase in storage time. Oxidative changes in muscle foods are generally quantified by the measurement of secondary degradation products. It is accepted that TBARS numbers correlate well with sensory scores of oxidised and warmed-over flavour in muscle food. TBARS numbers greater than 1 correlate significantly with oxidised scores obtained by trained panellists for meats stored under frozen conditions .
Table 12
Approximate scale for interpretation of TBARS values in meat and meat products (Frigg, undated) . If a TBARS value cut-off point of 1.5 (Table 12) is used in the linear equations in Table 5 , storage times for each of the dietary treatments can be estimated (Table 13) .
Table 13
The effect of different dietary vitamin E levels on the storage time of broiler carcasses.
Vitamin E concentrations
Storage time (days) Experiment 1 (-20 °C) 1) Basal 21 2) 20 mg vitamin E/kg feed 49 3) 40 mg vitamin E/kg feed 56 4) 60 mg vitamin E/kg feed 66 5) 80 mg vitamin E/kg feed 75 6) 100 mg vitamin E/kg feed 234 7) 120 mg vitamin E/kg feed 45 8) 140 mg vitamin E/kg feed 49 9) 160 mg vitamin E/kg feed 63 10) 180 mg vitamin E/kg feed 68 11) 200 mg vitamin E/kg feed 105 Experiment 2 (4 °C) 1) Basal 3 2) 40 mg vitamin E/kg feed 4 3) 80 mg vitamin E/kg feed 5 4) 120 mg vitamin E/kg feed 7 5) 160 mg vitamin E/kg feed 17 Table 4 shows that none of the meat samples in either treatment 1 or 2 were rancid (TBARS value > 5) before the end of the storage period. The samples from diet 1 (experiment 1) was oxidised from the first day of sampling (one month), suggesting that broiler carcasses fed diets without vitamin E supplementation cannot even be stored for a month at -20 °C (Table 13 ). The samples from treatment 1 (experiment 2) became oxidised at day 3. It is thus preferable to refrigerate broiler carcasses from birds fed diets without vitamin E supplementation for less than three days before use. Only diet 6 in experiment 1 and diet 5 in experiment 2 provided sufficient protection against oxidation for the length of the storage period. The values given for diet 6 in experiment 1 and diet 5 in experiment 2 (Table 13 ) are extrapolations of the regression equations and should not be interpreted as actual storage times. From these results it is estimated that, the storage time of broiler carcasses can be doubled under frozen (-20 °C) conditions by supplementation with as little as 20 mg vitamin E/kg feed. In the case of refrigerated carcasses, the storage time can be extended by one day by supplementing with 40 mg vitamin E/kg feed. However, further studies on the chemical measurements of lipid oxidation and sensory characteristics are required before final recommendations on optimum dietary levels of vitamin E supplementation can be made. Table 4 suggests that the samples from diets 7 to 10 (fed in last three weeks) in experiment 1 became oxidised at a faster rate than those from diets 2 to 5 (fed throughout the trial), but this difference was not statistically significant. However, diet 6 differed significantly (P < 0.05) from diet 11. It can be speculated that the inclusion time of vitamin E in the feed only becomes important when high levels of vitamin E are fed continuously. Bartov & Frigg (1992) showed that oxidative stability was best in tissues from broilers that received vitamin E continuously during the trial and presumably had higher α-tocopherol contents in the meat. This further demonstrates the importance of the equilibrium of vitamin E in the tissue, particularly in membrane structures. Measures taken to reduce the propagation of radicals are stochastic processes. This means that antioxidants have a certain chance or probability to trap a radical according to its chemical characteristics, or because of its specific distribution pattern. Therefore, a chemically suitable antioxidant can only act efficiently if it is not too distant from the place of appearance of a radical. Otherwise, the radical could cause severe damage and propagate in a chain-reaction-like manner before being trapped. The antioxidant, for example α-tocopherol, has to be present in an adequate amount and in the appropriate tissue structure. It is speculated that diets 2 to 5, despite being fed/supplemented throughout the trial, contributed the same amount of vitamin E to the tissues as diets 7 to 10, which were fed/supplemented only at the end of the trial. Short-term feeding of broilers with 160 IU α-tocopherol/kg for the last five days prior to slaughter was effective in retarding the onset of rancidity in raw whole breast muscle (Marusich et al., 1975) , suggesting that a high level of vitamin E supplementation to the finishing diet could be an alternative to continuous supplementation. However, some authors have questioned whether short-term supplementation would guarantee adequate stability in processed muscle considering the relatively slow uptake of α-tocopherol into chicken muscle compared to other tissues (Sheehy et al., 1991) and the apparent requirement for deposition of the vitamin in specific locations within the muscle membranes for optimum protection. Bartov & Frigg (1992) fed broilers a basal diet containing no added vitamin E for 7 weeks (treatment 1), the basal diet supplemented with 100 mg vitamin E/kg for 7 weeks (treatment 2), the basal diet supplemented with 150 mg/kg for three weeks and basal diet alone until seven weeks (treatment 3), basal diet with 150 mg/kg, 0 and 100 mg/kg until week 3, from weeks 3-6 and from weeks 6-7 (treatment 4) and the basal diet alone for 5 weeks and then the basal diet plus 100 mg/kg until seven weeks (treatment 5). The stability of meat from treatments 3, 4 and 5 was greater than that from treatment 1 (no vitamin E) but was lower than that from treatment 2 (vitamin E given continuously). Brandon et al. (1993) gave one group of broilers a basal diet containing 30 mg α-tocopheryl acetate/kg feed continuously up to slaughter at six weeks, while other groups were given a supplemented diet containing 200 mg α-tocopheryl acetate/kg for 1, 2, 3, 4 or 5 weeks immediately prior to slaughter. The α-tocopherol content of leg and breast muscle increased as the preslaughter supplementation period increased from 0 to 5 weeks. Supplementation of broiler diets with 200 mg α-tocopheryl acetate/kg for five weeks prior to slaughter improved the oxidative stability of ground muscle during refrigerated and frozen storage and protected against the pro-oxidant effect of salt. These results suggest that a pre-slaughter supplementation period of at least 4-5 weeks, feeding 200 mg α-tocopheryl acetate/kg (i.e. 20 times higher than the NRC requirement), is necessary to attain the optimum protective benefit of α-tocopherol in processed meat. Short-term supplementation before slaughter can therefore always give a relative improvement, but more can be achieved with steady state conditions.
The rate of discolouration of meat is related to the effectiveness of oxidation processes and enzymatic reducing systems in controlling metmyoglobin levels in meat (Chan et al., 1995) . There were no differences in colour measurements for L*, a* or b* values (Table 5 ). This result corresponds with those of other authors. Santé & Lacourt (1994) found that lightness (L*) did not change over seven days of storage for turkey meat. Dirinck et al. (1996) found that although supplemented pork samples (200 ppm vitamin E) were redder than control samples, the differences were low and non-significant. Cannon et al. (1996) reported that vitamin E supplementation reduced lipid peroxidation in fresh pork but did not influence pork colour. Lanari et al. (1995) reported that, for pork, supplementation had a positive effect only during illuminated storage. The results of this investigation may be due to the fact that colour measurements were taken on the breast muscle (a white muscle), which contains low concentrations of myoglobin and therefore colour degradation could not be detected.
Extended storage accelerated bacterial growth in broilers (Figure 3 ). In experiment 2, vitamin E supplementation did not influence the bacterial load. These results correspond with data from Chan et al. (1995) and Zerby et al. (1999) . Table 7 shows that the microbial counts of the samples of day 0 were already above legal limits (>10 3 cfu g -1
). This may be the result of slaughter conditions, as the broilers were not slaughtered in a commercial abattoir with strict health regulations.
There is now considerable emphasis on modification of the fatty acid composition of animal tissues in an attempt to produce new 'designer' or 'functional' foods. However, increasing the degree of unsaturation of the muscle membranes by dietary manipulation reduces oxidative stability (Monahan et al., 1992) . Saturated fatty acids, being composed of paraffinic hydrocarbon chains, are generally considered to have very low reactivity. Introduction of one or more double bonds into a fatty acid provides an active centre that can be the site of a variety of undesirable reactions, as in the case of oxidation. Even though saturated fatty acids can be oxidised, the rate of oxidation greatly depends on the degree of unsaturation. The relative stability of oxidation at 100 °C has been given as follows: saturated fatty acids 0.8, oleic acid 1.1, linoleic acid 13.7 and linolenic acid 25.5. In the series of 18-carbon-atom fatty acids -18:0, 18:1, 18:2, 18:3 -the relative rate of oxidation has been reported to be in the ratio of 1:100:1200:2500 (DeMan, 1992).
There were no differences (P > 0.05) between dietary treatments for any of the fatty acids measured. Therefore only the main fatty acid groups: saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) are presented in Table 10 . As in the case of colour deterioration in samples with a higher PUFA content, broiler phospholipids could be more susceptible to oxidation and it is possible that vitamin E may be needed in greater quantities to affect fatty acid stability. None of the fatty acids changed over time. It was expected that the longer chain PUFA would have been broken down first into short chain SFA, resulting in fewer PUFA and more SFA on day 12. This was not detected in the fatty acid analysis of day 12 samples. However, it can be postulated that there was breakdown of PUFA, MUFA and SFA (in that order of occurrence), but that the breakdown was complete on day 12, resulting only in secondary oxidation products. Because the fatty acids were identified as a percentage of total fatty acids measured, no difference could be detected between the three main groups. The results would have been more accurate if the fatty acids were measured as mg fatty acid/g of tissue. Inclusion of the samples of days 4, 8 and 10 may also have given a better indication of fatty acid breakdown.
There were no differences (P > 0.05) in pH between dietary groups (Table 11 ). The data showed a significant (P < 0.05) cubic tendency over time. At 45 min post-slaughter the pH values were approximately 5.5 (Table 11 ). This is the result of irreversible anaerobic glycolysis, which occurs when oxygen is permanently removed from the muscle at death (Lawrie, 1991) . The resultant lactic acid production causes the pH to fall to a value of 5.5. From 45 min to 2 hrs post-mortem there was a slight increase in muscle pH, which was related to deamination reactions, as reported by Gill (1986) . Deamination of amino acids, with liberation of ammonia, results in an increase in pH. However, this reaction is reversible and the release of the hydrogen atom from ammonia causes the pH to fall 2-4 hrs post-mortem (Table 11) . At 24 hrs post-mortem lactic acid degradation stops while deamination continues, resulting in an increase of pH (Table 11) .
Conclusions
It was concluded that vitamin E supplementation of broiler feed increases the oxidative stability of broiler carcasses under frozen and refrigerated storage. Carcasses of broilers from birds fed nonsupplemented diets could not be stored under frozen conditions for up to one month, whereas nonsupplemented refrigerated carcasses could only be stored for three days. Under frozen conditions supplementation of as little as 20 mg vitamin E/kg feed doubled the storage time, whereas supplementation of 40 mg vitamin E/kg feed extended storage time by one day in refrigerated broiler carcasses. If this concentration is increased to 160 mg vitamin E/kg feed, a TBARS value similar to that of broilers receiving no vitamin E will only be reached after eight days of storage at 4 °C. This may have important economic implications for the retail industry. This investigation further showed that vitamin E supplementation under these conditions had no significant effect on broiler performance, microbial spoilage, colour deterioration, fatty acid composition or post-mortem pH changes.
